We present a combined experimental and theoretical study focussing on the quantum tunneling of atoms in the reaction between CH 4 and OH. The importance of this reaction pathway is derived by investigating isotope substituted analogs. Quantitative reaction rates needed for astrochemical models at low temperature are currently unavailable both in the solid state and in the gas phase. Here, we study tunneling effects upon hydrogen abstraction in CH 4 + OH by focusing on two reactions: CH 4 + OD − − → CH 3 + HDO and CD 4 + OH − − → CD 3 + HDO. The experimental study shows that the solid-state reaction rate R CH 4 + OD is higher than R CD 4 + OH at 15 K. Experimental results are accompanied by calculations of the corresponding unimolecular and bimolecular reaction rate constants using instanton theory taking into account surface effects. From the work presented here, the unimolecular reactions are particularly interesting as these provide insight into reactions following a Langmuir-Hinshelwood process. The resulting ratio of the rate constants shows that the H abstraction (k CH 4 + OD ) is approximately ten times faster than D-abstraction (k CD 4 + OH ) at 65 K. We conclude that tunneling is involved at low temperatures in the abstraction reactions studied here. The unimolecular rate constants can be used by the modeling community as a first approach to describe OH-mediated abstraction reactions in the solid phase. For this reason we provide fits of our calculated rate constants that allow the inclusion of these reactions in models in a straightforward fashion.
Introduction
Radicals in ices are important players in solid-state interstellar chemistry Öberg 2016) . In particular, OH radicals seem to be abundant in ices (Chang & Herbst 2014; Lamberts et al. 2014) ; they play a role during solid-state water formation processes Oba et al. 2012; Lamberts et al. 2013 Lamberts et al. , 2016a , are involved in the formation of solid CO 2 (Oba et al. 2010; Noble et al. 2011; Ioppolo et al. 2013) , and have been postulated to be crucial for the formation of complex organic molecules (Garrod 2013; Acharyya et al. 2015) . Abstraction reactions of the type OH + HC−R − − → H 2 O + C−R may form carbon-based radicals that can subsequently react with one another forming molecules that contain C-C bonds. Such abstraction reactions have recently been studied experimentally in the gas phase and show the importance of tunneling (Shannon et al. 2013; Caravan et al. 2015) . In the solid state abstraction reactions along the hydrogenation line, CO−H 2 CO−CH 3 OH was shown to provide extra pathways to form methylformate, ethylene glycol, and glycol aldehyde Chuang et al. (2016) . Although these gas-phase and solid-state reactions have been implemented in some astrochemical models, this is not yet common practice; for comparison, we refer the reader to Garrod (2013) and Acharyya et al. (2015) to Vasyunin & Herbst (2013) and Furuya & Aikawa (2014) , for example. Moreover, although a hydrogen transfer is involved, the role of tunneling at low temperature has Current address: INAF-Osservatorio Astrofisico di Catania, via Santa Sofia 78, 95123 Catania, Italy not yet been investigated specifically. This is the main goal of the present work.
Tunneling can be defined as the quantum mechanical phenomenon that allows a particle to cross a barrier without having the energy required to surmount this barrier, that is, reaction routes that classically cannot occur at low temperatures become accessible. As a result of the mass dependence of tunneling processes, reactions with hydrogen, for instance, will be faster than with deuterium.
Although OH-mediated abstractions of hydrogen can occur with any hydrocarbon, the simplest example concerns CH 4 . Interstellar methane is proposed to be a starting point of complex organic chemistry (Öberg 2016) . It likely originates from carbon hydrogenation on the grain surface that occurs simultaneously with H 2 O formation with abundances of ∼5% CH 4 with respect to H 2 O (Lacy et al. 1991; Boogert et al. 1998; Öberg et al. 2008) . H 2 O ices are formed via hydrogenation of OH and therefore, OH will thus naturally be present in the ice (Lamberts et al. 2014) . Furthermore, weak FUV irradiation has been shown to result in photodissociation of water, which also yields OH (Garrod 2013; Drozdovskaya et al. 2016 ). As mentioned above, hydroxyl radicals are known to react with CO and produce CO 2 that has been abundantly seen and modeled in the water-rich layers of the ice. Since methane is present in the same layer, reactions of methane with OH are therefore expected to take place as well. Note that these molecules have also recently been seen to co-exist in the coma of 67P/Churyumov-Gerasimenko (Bockelée-Morvan et al. 2016) . Here, we perform a proof-of-concept study on the importance of tunneling for the reaction CH 4 + OH − − → H 2 O + CH 3 , both experimentally in the solid phase and through high-level calculations of reaction rate constants in the gas phase. The latter are performed in such a way that the results also allow us to draw conclusions on the solid state processes.
The experiments that are described in Section 2.1 make use of OH (or OD) produced in the solid phase. Calculations performed by Arasa et al. (2013) ; Meyer & Reuter (2014) show that dissipation of excess energy takes place on a picosecond timescale. Therefore, thermalized reactions with the produced hydroxyl radicals occur as would be the case in the interstellar medium (ISM). The gas-phase activation energy for hydrogen abstraction from CH 4 is reported to be ∼3160 K = 26.3 kJ/mol without zero-point energy (ZPE) correction (Li & Guo 2015) . For the reaction to proceed at cryogenic temperatures, tunneling needs to be efficient. To the best of our knowledge, rate constants below 200 K are not currently available, either in the gas phase or in the solid state (Atkinson 2003) . Here, the role of tunneling is studied by comparing two sets of experiments, one probing H-abstraction -CH 4 + OD − − → CH 3 + HDO -and another probing D-abstraction -CD 4 + OH − − → CD 3 + HDO. These surface reactions have already been studied experimentally (Wada et al. 2006; Hodyss et al. 2009; Weber et al. 2009; Zins et al. 2012) . We extend on this previous work by quantitatively studying the isotope effect in the aforementioned abstraction reactions.
The calculations that are described in Section 2.2 incorporate tunneling through instanton theory, which allows reaction rate constants to be calculated at low temperatures. Also, previously published theoretical rate constants only reach down to 200 K, and, moreover, only bimolecular values were reported (Wang & Zhao 2012; Allen et al. 2013) . In order to compare this with the present solid-state experiments, however, unimolecular rate constants are more relevant. These correspond to the decay rate of a pre-reactive complex of OH and CH 4 on the surface, that is, from a configuration where the species have met while being thermalized, as is the case in the Langmuir-Hinshelwood (LH) mechanism.
In Section 3 the experimental results and theoretical calculations are presented. The final Section discusses the astrophysical consequences. It is common for astrochemical models to make use of a rectangular barrier approximation in the description of tunneling; see Hasegawa et al. (1992) , for example. We show here that kinetic isotope effects calculated while taking tunneling into account explicitly yield values that differ by several orders of magnitude with respect to instanton calculations. This work also ultimately shows that it is the combination of experiments, theory, and the method of implementation of results in models which is key to understanding the general behavior of tunneling in H-abstraction reactions by OH radicals.
Methodology

Experimental procedure
The experiments have been performed using the ultra-high vacuum (UHV) setup SURFRESIDE. All relevant experiments are listed in Table 1 . Experimental details for the setup configuration used here are available from Ioppolo et al. (2008) . Briefly, a gold-coated copper substrate is placed in the center of a stainless steel UHV chamber (P base, main < 4 × 10 −10 mbar) and kept at a temperature of 15 K using a He closed-cycle cryostat. For all experiments, a CH 4 :O 2 (CD 4 :O 2 ) mixture is continuously deposited simultaneously with a D (H) beam. This is a so-called co-deposition experiment. Mixtures of CH 4 or CD 4 with O 2 are deposited at an angle of 45
• with a deposition rate of (Lamberts et al. 2014) . This yields cold hydroxyl radicals via quick energy dissipation as explained above. Note that these hydroxyl radicals are thus formed during deposition, that is, methane molecules are in the direct vicinity of the formed OH radicals as a result of the 4:1 CH 4 :O 2 ratio. The H or D atoms needed for this are generated in a thermal cracking source (Tschersich & von Bonin 1998) facing the substrate. H 2 or D 2 molecules are dissociated after collisions with the hot walls (T ≈ 2120 K) of a tungsten capillary pipe, which in turn is surrounded by a heated tungsten filament. A nose-shaped quartz pipe along the beam path cools down the beam to roughly room temperature before it reaches the surface. The dissociation fraction mentioned by Tschersich (2000) is ∼40% at 2120 K for a pressure higher than that used here, inferring a higher dissociation ratio for the present experiments. However, this should be considered to be an upper limit, since H-H recombination may take place on the walls of the quartz pipe as well as on the ice surface. From Ioppolo et al. (2010) , we can infer a H 2 /H ratio of approximately 10-15%. The H and D-fluxes used here are ∼6×10 13 and ∼3×10 13 atoms cm −2 s −1 . This ensures an overabundance of at least an order of magnitude of H (D) atoms with respect to CD 4 (CH 4 ) and O 2 on the surface.
The ice composition is monitored using reflection absorption infrared spectroscopy (RAIRS) in the spectral range 700 − 4000 cm −1 (14 − 2.5 µm) with a spectral resolution of 0.5 cm −1 and averaging 512 spectra, using a Fourier transform infrared spectrometer. RAIR difference spectra are acquired with respect to a background spectrum of the bare gold substrate at 15 K.
Straight baseline segments are subtracted from all acquired spectra, using five reference points: 699, 1140, 1170, 1830, and 4000 cm −1 . All spectra shown are normalized to a duration of 300 min (see Table 1 ) to allow direct comparison in the figures below. Furthermore, for all spectra, three data points are binned to allow for some smoothing. The reproducibility of the experiments is warranted by a triple execution and reproduction of exp. 1. The resulting data of only one of these measurements is shown in Figs. 1 and 2.
Control experiments have been chosen to exclude reactions not involving OD (OH) and to exclude the direct abstraction of H (D) from CH 4 (CD 4 ) by D (H) atoms. Table 1 provides an overview of the CH 4 + OD and CD 4 + OH experiments (exps. 1 and 5) and control experiments (exps. 2-4, 6, and 7). Control experiments 2 and 6 are directly related, since any products that are formed both in experiments 1 and 2 (or 5 and 6) are not caused by any reactions of the hydroxyl radical, because O 2 and D 2 (H 2 ) do not produce OD (OH). The control experiments 3, 4, and 7 aim to exclude the direct abstraction of H (D) from CH 4 (CD 4 ) by D (H) atoms. That is, if no abstraction products are detected in control experiments 3, 4, and 7, any differences that are seen between experiments 1 and 5 are due to reactions involving the hydroxyl radical only.
Computational details
To obtain reaction rate constants that take tunneling into account explicitly, we use instanton theory (Miller 1975; Callan & Coleman 1977) . This is based on statistical Feynman path integrals that incorporate quantum tunneling effects, (see Kästner (2014) ; Richardson (2016) ). The instanton is the optimal tunneling path, which is usually different from the minimal energy path between stationary points (reactant, transition, and product states). Instanton theory is applicable when the temperature is low enough for the path to spread out, or to put it differently, when tunneling dominates the reaction. This is typically the case below the crossover temperature, T C = ω b /2πk B , where ω b is the absolute value of the imaginary frequency at the transition state.
Instanton theory as implemented in DL-FIND (Kästner et al. 2009; Rommel et al. 2011 ) is used in this study on the potential energy surface (PES) of Li & Guo (2015) which is fitted to CCSD(T)-F12/AVTZ data. The Feynman paths of the instantons are discretized to 200 images. Instanton geometries are converged until the gradient is below 10 −9 atomic units. The experimental data show that in the solid state, the reaction takes place between thermalized species (Section 3.1). These species have already approached one another through surface diffusion prior to reaction via the LH mechanism. The relevant rate constant calculated here describes the decay of this encounter complex. Therefore, we calculate unimolecular reaction rates excluding the probability of meeting, hence the unit of s −1 . The vibrational adiabatic barrier for this process, that is, originating from the Van der Waals complex in the reactant channel, is 2575 K (21.4 kJ/mol) on the PES while it is slightly higher, 2670 K (22.2 kJ/mol), when calculated directly with CCSD (T)-F12/VTZ-F12 on the PES geometries.
We model the surface by allowing for instant dissipation of energy through the constant temperature assumed in instanton calculations. Furthermore, the concentration of the reactants on a grain is higher than in the gas phase. We provide rate constants that are independent of the concentration, as this is dealt with separately in astrochemical models. However, our structural model includes only CH4 and OH and not explicit surface atoms. On the surface, rotational motions are restricted and therefore the rotational partition function is kept constant, that is, frozenout. However, the rotational symmetry factor (Fernández-Ramos et al. 2007 ) of 3 between the C 3v -symmetric Van der Waals complex and the transition state or instanton is taken into account. Finally, another effect of the surface can be on the activation barrier of the reaction. This is neglected in our approach. In the experiment, the surface consists of CH 4 , O 2 , H 2 O 2 , and H 2 O. Both CH 4 and O 2 do not pose strong restrictions on the reactants in terms of interaction or steric hindrance, while the main contribution to the ice comes from CH 4 . Therefore, the only assumption we make is that the minority species H 2 O and H 2 O 2 do not impact strongly on the reaction. Bimolecular rates related to the gas-phase mechanism are also calculated for comparison with gas-phase experiments, see Appendix A. There, the full rotational partition function including the rotational symmetry factor of 12 is taken into account and CH 4 and OH reactant state structures are used that are calculated with ChemShell (Metz et al. 2014 ) on a CCSD(T)-F12/VTZ-F12 level using Molpro 2012 (Werner et al. 2015) .
Although OH has two degenerate spin states in the 2 Π ground state, when reacting with closed-shell molecules, both states are reactive and no additional correction factors for the rate constants are needed (Graff & Wagner 1990; Fu et al. 2010) .
In order to provide input for astrochemical modelers, we fit a rate expression, Eqn. 1 (Zheng & Truhlar 2010) , to the calculated rate constants;
This expression is more suitable for describing tunneling reactions than the commonly used Kooij expression. The parameters α, β, γ, and T 0 are all fitting parameters, where α has the units of the rate constant, β regulates the low-temperature behavior, and γ and T 0 can be related to the activation energy of the reaction. β is set to 1 since this results in the correct lowtemperature behavior. Instanton rate calculations are used for the fits below the crossover temperature T C , while rate constants obtained from transition state theory -including quantized vibrations and a symmetric Eckart model for the barrier -are used above T C where tunneling plays a minor role. As a final remark, it is important to keep the difference between the reaction rate, R, and the rate constant, k, in mind. Experimentally, only effective rates or the ratio of effective rates can Giguère & Srinivasan (1975) Article number, page 3 of 9 5 Wavelength (µm) Fig. 1 . Full RAIR spectrum of exps. 1 (black) and 2 (red) and their difference curve (purple). See Table 2 for the assignment of the peaks. Note that the CO 2 band has been removed for reasons of clarity. Table 2 for the assignment of the peaks.
be determined. This is because, experimentally, one can only detect the change in the production of a final product, meaning it is not possible to separate the diffusion and reaction processes. Theoretically, however, a rate constant that is related exclusively to the decay of the encounter complex can be calculated, that is, after the diffusion has already taken place. Therefore, the kinetic isotope effect (KIE) for H-abstraction vs. D-abstraction derived from the effective rate and derived from the rate constants do not necessarily need to be identical.
Results & discussion
Experimental -infrared spectra
Figures 1 and 2 depict the final RAIR spectra acquired for exps. 1 and 2 (upper panels). The difference spectrum between exps. 1 and 2 is also given (lower panels), either showing the full spectral window (Fig. 1) or zoomed-in on the regions of interest of CH 3 D (Fig. 2) . The same holds for exps. 5 and 6 (Fig. 3) , and zoomed-in on the regions of interest of CD 3 H (Fig. 4) . In Table 2, the peak positions that can be determined in the difference spectrum between exps. 1 and 2 are listed with their corresponding assignment and reference. The main outcome of the surface experiments is that at our detection level, abstraction from methane is only found to take place during exp. Fig. 3 . Full RAIR spectrum of exps. 5 (black) and 6 (red) and their difference curve (purple). Note that the CO 2 band has been removed for reasons of clarity. 
The equivalent reactions, but with deuterium substituted for hydrogen (starting from R1), are applicable for experiment 5. Note that the reaction CH 4 +D − − → CH 3 +HD has been excluded from the list of possible reactions. This is explained below. We clearly identify D 2 O 2 and CH 3 D infrared features and a weak stretching mode of HDO in Fig. 1 ; see Table 2 for the various peak positions. The bending mode of HDO at 1475 cm −1 is not clearly visible as a result of the signal-to-noise (S/N) level. The bending mode is at least four times weaker than the stretching mode, which is not detectable for the S/N ratio achieved here (Oba et al. 2014) . This means that the produced OD radicals either form D 2 O 2 or abstract an H-atom from CH 4 . The availability of D atoms on the surface results in the barrierless deuteration of a CH 3 radical. Since the D atoms are abundant and diffuse quickly, other radical-radical reactions are prevented. The CH 3 OD or C 2 H 6 yields lie below the sensitivity of our RAIRS technique, that is, reactions R7 and R8 are not relevant here.
Article number, page 4 of 9 T. Lamberts et al.: Importance of tunneling in H-abstraction reactions by OH radicals Note that the abstraction reaction between HO 2 and CH 4 has a barrier of > 10000 K (Aguilera-Iparraguirre et al. 2008 ), and we therefore exclude any CH 3 radical production via this route.
Furthermore, none of the control experiments (numbers 2-4) resulted in the detection of CH 3 D. This means that the CH 3 D detected in experiment 1 is not the cause of contamination (follows from experiment 2) nor the result of H-abstraction from CH 4 by D atoms directly (follows from control experiments 3 and 4). In other words, in our experimental setup, the reaction between CH 4 and the D atom does not proceed within our experimental sensitivity. Since the same setup is used for experiments 1, 3, and 4, essentially for identical conditions, we conclude that the reaction CH 4 +OD is more efficient and the only one responsible for the formation of the observed CH 3 D. This result can be rationalized by realizing that the reaction CH 4 + H − − → CH 3 + H 2 has a high barrier of 6940-7545 K (Nyman et al. 2007; Corchado et al. 2009 ), making it highly unlikely to be competitive at the low temperatures considered here, even if it were to occur via tunneling. Indeed, the (bimolecular) rate constants calculated on several PES at 300 K are six orders of magnitude lower than the bimolecular rate constants calculated here for CH 4 + OH (compare Corchado et al. 2009 , Espinosa-García et al. 2009 with values mentioned in Appendix A).
The next question is whether or not the isotope-substituted reaction R5, CD 4 + OH − − → CD 3 + HDO leads to D-abstraction by OH radicals. In this case, the mass of the atom that is transferred is twice as high and if tunneling is important, the reaction rate should drop significantly. In Fig. 3 , and especially from the zoomed-in spectra in Fig. 4 , it is clear that no detectable amounts of CD 3 H are produced during experiment 5. Since OH radicals are present, H 2 O 2 is formed and can be seen at its respective peak positions, around 3315, 2835, and 1385 cm −1 (Oba et al. 2014) . Furthermore, the OH radicals that are produced are not being used for reactions with CD 4 and therefore are available for other reactions, leading to the formation and detection of the H 2 O bending mode at 1630 cm −1 , while the stretching mode overlaps with that of H 2 O 2 . H 2 O can also be formed via
as a result of the kinetic isotope effect (Lamberts et al. 2016b) . The control experiments 6 and 7 do not result in the detection of any CD 3 H either.
Since neither experiment 1 nor 5 results in breaking of the bond between the carbon atom and hydrogen or deuterium atom, we can be certain that the OD and OH radicals that are formed in the ice thermalize prior to attempting to react. We propose that the origin of the difference between experiments 1 and 5 is the tunneling of the H or D atom that is being transferred from the carbon atom to the oxygen atom. Experimentally, it is not trivial to quantify the ratio between the effective rates, but we can state that R CD 4 + OH is smaller than R CH 4 + OD . A further quantification is the aim of the following section, using theoretical calculations of rate constants. 
Theoretical -LH unimolecular rate constants
Rate constants are calculated using instanton theory. An instanton path essentially shows the delocalization of the atoms involved in the reaction. This deviates from the classical picture of overcoming a barrier and visualizes the tunneling through a barrier. More delocalization is seen at lower temperatures, where tunneling indeed plays a larger role. In Fig. 5 the instanton path is depicted for the reaction between CH 4 and OH at 200 K. This geometry corresponds to the geometry of the optimized transition state where the O-H bond is in an eclipsed configuration with one C-H bond. At low temperature, that geometry becomes unstable and the instanton switches to a staggered position. Fig. 6 gives the corresponding geometry at 100 K. This instability leads to a temperature region where instanton rates become unreliable (Meisner et al. 2011 ). In the current paper, we only give rate constants that do not lie within the switching regime. Therefore, not all rate constants can be calculated at exactly the same temperatures, as is visible in Table 3 . Furthermore, rates can only be calculated down to a certain temperature (here, 65 K), because of inaccuracies in the PES around the Van der Waals complexes that become important at low temperatures. The unimolecular reaction rate is namely calculated as the decay of the Van der Waals encouter or pre-reactive complex. The activation energies including ZPE correction and starting from a pre-reactive minimum for the reactions CH 4 + OH, CD 4 + OH and CH 4 + OD are 2575, 2915, and 2605 K (21.1, 24.2, and 21 .7 kJ/mol), respectively.
The unimolecular reaction rate is of interest for surface reactivity, since most interstellar-relevant reactions will take place between two reactants that have adsorbed on a grain prior to the reaction. Such reactants are thermalized and can only react after finding each other. As long as they are close together, they may attempt to react several times. In Fig. 7 , the corresponding calculated rate constants are depicted. In general, rate constant values decrease with temperature. The exact values are given in Table 3, while Table 4 lists the parameters fitted to Eqn. 1. A kinetic isotope effect k CH 4 + OD /k CD 4 + OH of approximately ten is obtained between 200 and 65 K. Therefore, a similar value for the KIE at even lower temperatures seems to be a reasonable estimation. This is consistent with the conclusion derived in the previous paragraph for the experiments; the reaction CH 4 + OD is found to take place whereas for CD 4 + OH no reaction products are found, that is, the first reaction is definitely faster than the second.
Astrophysical Implications
For the calculation of the reaction rate constants, we have focused here on the reaction between OH radicals and CH 4 molecules because it provides a simple system that can be potentially extended to other H-abstraction reactions involving OH radicals and larger hydrocarbons as was proposed by Garrod (2013) and Acharyya et al. (2015) . As mentioned before, OH radicals are present in the H 2 O -rich layers of the ice as a result of non-energetic hydrogenation reactions and weak FUV irradiation that photodissociates water. Therefore, it is expected that they are available for reactions (Garrod 2013) . The abundances of solid CH 4 can reach levels of several percent with respect to water ice in a variety of environments, such as, low-and highmass young stellar objects, quiescent clouds, cold cores, and cometary ices (Öberg et al. 2008; Boogert et al. 2015; Le Roy et al. 2015 and references therein) . Moreover, methane is mostly formed in a water-rich environment (Boogert et al. 2015) . Therefore, the reaction CH 4 + OH is likely to occur in space at low temperatures. An important product of the aforementioned Habstraction reaction is the methyl radical. In the ISM, solid CH 3 is an intermediate reaction product in the formation of methane. It can also be formed through UV-, electrons-and ions-induced dissociation reactions from ice mixtures containing methane (Milligan & Jacox 1967; Bohn et al. 1994; Palumbo et al. 2004; Hodyss et al. 2011; Kim & Kaiser 2012; Wu et al. 2012 Wu et al. , 2013 Materese et al. 2014 Materese et al. , 2015 Lo et al. 2015; J.B. Bossa 2015; Chin et al. 2016) . The solid CH 4 + OH abstraction reaction investigated here, however, can be an important channel for the formation of methyl radicals under interstellar analog conditions. It allows CH 3 production without the need for photodissociation and strong energetic processing of the ice.
Recent disk and protostellar models showed that several molecules with a methyl group (R−CH 3 ) are present in ices (Vasyunin & Herbst 2013; Furuya & Aikawa 2014; Walsh et al. 2014; Taquet et al. 2015; Drozdovskaya et al. 2016) . Moreover, one of the outcomes of the Rosetta mission is the discovery of heavy organic matter on the comet 67P/ChuryumovGerasimenko (Goesmann et al. 2015; Fray et al. 2016) . Also in this case, several species contain a methyl group. Therefore, surface reactions involving the CH 3 functional group are assumed to play an important role in enhancing the molecular complexity in space. Large hydrocarbon radicals can be created by the H-abstraction from any larger molecule of the form R−CH 3 , which is then available for subsequent reactions.
The fits to Eqn. 1 can be used by the astrochemical modeling community as an initial approach to describing H-abstraction reactions from methane in the solid phase via the LangmuirHinshelwood mechanism. These fits are definitely valid down to temperatures of 65 K and we can recommend extrapolation down to ∼35 K. Although the desorption temperature of pure methane is relatively low, when it is trapped in the water ices, it is expected to desorb only when water does, that is, around 100 K (Collings et al. 2004) . In order to assure a smooth implementation of such rate constants in models, it is crucial to realize that the expressions typically used in rate equation models to describe tunneling involve the rectangular barrier approximation. Then, reaction rates are proportional to a probability P = exp( 2a 2µE). With a typical barrier width a of 1 Å, the activation energies mentioned above, and masses µ of 1 or 2 amu depending on H-or D-abstraction, as well as the ratio between the probabilities, P CH 4 + OD and P CD 4 + OH , and thus between the rates, would be approximately 5 × 10 3 . Here, we show with the use of instanton calculations, that the KIE is approximately ten at low temperature, which is orders of magnitude lower than the value generally used in rate equation models. This implies that current models may need to improve on their implementation of H-vs. D-abstraction reactions. Although here we show the effect for one reaction only, this conclusion also holds for other astrochemically relevant reactions, such as H + H 2 O 2 − − → H 2 O + OH (Lamberts et al. 2016b ).
Conclusions
With this combined laboratory-theoretical study, we provide a proof-of-principle for the importance of incorporating tunneling in the description of OH-mediated hydrogen abstraction. First, through solid phase experiments, we find that the surface reac-tion CH 4 + OD indeed proceeds faster than CD 4 + OH at 15 K as expected for tunneled reactions. Second, instanton calculations of unimolecular rate constants quantify the processes and give a kinetic isotope effect of approximately ten at 65 K. Such unimolecular rate constants relate to the thermalized LangmuirHinshelwood process, the main mechanism used to explain the non-energetic surface formation of species on and in interstellar ices. For the first time, rate constants at temperatures down to 65 K for the CH 4 +OH reaction are provided with accompanying fits to allow easy implementation into astrochemical models. The calculated rate constants also show that the rectangular barrier approximation currently used in models inaccurately estimates kinetic isotope effects for the title reaction by approximately two orders of magnitude.
